Germoplasm banking is an important tool for the preservation of genetic material from Neotropical primates in captivity, and from free living species, especially the endangered ones like Saimiri vanzolinii (Black-headed squirrel monkey), a primate with a low incidence area (870 km 2 of floodplains) in the southern part of the Mamirau a Sustainable Development Reserve, Brazil. Therefore, in the present study we aimed to develop a sperm cryopreservation protocol comparing sperm cooling in presence (T1) and absence (T2) of egg yolk, and to test freezing protocols to preserve semen from captive (Saimiri collinsi), and free-living (Saimiri vanzolinii, Saimiri cassiquiarensis and Saimiri macrodon) New World primates. Cooling preserved sperm of S. collinsi in all evaluated microscopic parameters, except for sperm motility. No differences were observed among the treatments, indicating that semen of this species can be cooled without egg yolk. Freezing did not affect sperm quality of S. collinsi, except plasma membrane integrity that was negatively affected. Generally, a good maintenance rate was observed between cooling and thawing of semen for the four species, showing the positive translational application of protocols from S. collinsi to the free-living species. Developed freezing protocol proved to be useful for sperm cryopreservation of S. collinsi and in field conditions.
Introduction
Currently, several New World Primate species are listed in the Red List of Threatened Species as vulnerable to extinction [10] . Saimiri vanzolinii (Black-headed squirrel monkey) is one of those vulnerable species with their entire group geographically limited to the Mamirau a Sustainable Development Reserve and surroundings [20] . Therefore, the formation of germplasm banks of gametes and somatic cells appear as an alternative to preserve genetic diversity to be used in breeding biotechnology programs [4] .
Unfortunately, the application of reproductive biotechnologies focusing on the conservation of male gametes of the genus Saimiri, popularly named "squirrel monkeys", have not yet been settled on a laboratory routine basis. Sperm freezing has been reported only in Saimiri sciureus [3] , Saimiri boliviensis [24] and Saimiri collinsi [17] , and it is not known if data on those species can be translated to all Saimiri species. Although using different protocols (extenders and glycerol concentrations), freezing of S. sciureus and S. boliviensis semen resulted in a sperm viability of approximately 50%, while this viability rate decreased to less than 10% in S. collinsi. Semen cooling also consists in an additional method to preserve sperm for a short period, once it facilitates the semen transport and handling in the field [12] , as well as it is known that some males present semen with poor freezability [8] .
Recently, we reported the use of the purified and lyophilized coconut water extender (ACP-118™, ACP Biotecnologia, Fortaleza, Cear a, Brazil) for S. collinsi sperm cooling and freezing. Combined with this extender, egg yolk (20%) and glycerol (1.5 or 3%) were used as extra-and intracellular cryoprotectants, respectively [17] . Probably because of the prolonged semen exposure to glycerol, i.e. direct exposure of the semen to glycerol before freezing, frozenthawed sperm presented a very poor quality. In the present study, GLY was added only diluted in the extender during freezing.
Besides the vulnerable species S. vanzolinii, the other Saimiri species such as Saimiri cassiquiarensis and Saimiri macrodon represent other monkeys from the Saimiri genus, from which no semen is banked, and just recently evaluated [19] . The S. collinsi comprises an optimal model to develop semen biotechnologies. For a field application of the procedure one must bear in mind the difficulties and risks to use non-fresh egg yolk for semen cooling. Therefore, in this study we aimed (i) to compare two sperm cooling procedures using ACP-118™ added or not by egg yolk on the quality of sperm from captive S. collinsi; (ii) to test a sperm freezing protocol in S. collinsi and iii) to evaluate the success of the application of the S. collinsi semen preservation protocols under field conditions in three free-living Saimiri species (S. vanzolinii, S. cassiquiarensis and S. macrodon).
Material and methods

Animals and semen collection
This study was conducted at two different locations. Captive males (S. collinsi) were maintained at National Primate Center (CENP), Ananindeua, Brazil (1 22 0 58 00 S and 48 22 0 51 00 W), where the climate is humid tropical, with an average annual temperature of 28 C. Free-living males (S. vanzolinii, S. cassiquiarensis and S. macrodon) were captured at Mamirau a Sustainable Development Reserve (Fig. 1) . The reserve is a protected area located at the confluence of the Solimões and Japur a rivers (03 02 0 22 00 S and 64 51 0 41 00 W), covering a total of 1,124,000 ha of floodplain ecosystems [20] . Monthly average precipitation is 131.1 mm, and average temperature is 27.5 C (min. average 23.02 C and max. average 31.86 C) [9] .
All experimental protocols were approved by environmental authorities (Ministry of the Environment -System of Authorization  and Information on Biodiversity -SISBIO/ICMBio/MMA nº 31,542-2,  for captive animals/nº 29,906-3, for wild S. collinsi males (n ¼ 12) were selected by their physical characteristics, and clinical parameters such as complete hemogram, hepatic and renal function. External genitalia were evaluated and andrologic examination (i.e. inspection and palpation of the testes to verify size, consistency, symmetry and mobility) was performed. Animals were collectively housed in mixed groups (males and females in a varied number of members), in cages of 4.74 m Â 1.45 m Â 2.26 m (length, width and height, respectively), under natural photoperiod (i.e. 12 h of light and 12 h of dark). The diet consisted of fresh fruit, milk and commercial pellet chow (MEGAZOO P18™, Protein 18%, Fiber Maxi. 6.5%, Betim, MG, Brazil) and cricket larvae (Zophobas morio). Vitamins, minerals and eggs were supplied once a week and water was available ad libitum. The physical restraint was done with netting and leather glove, by a trained animal caretaker. Semen was collected at the same period of the day (in the morning before feeding) and throughout four months (August to November) of 2012.
S. vanzolinii (n ¼ 6), S. cassiquiarensis (n ¼ 5) and S. macrodon (n ¼ 1) males were captured using a Tomahawk Live Trap After physical restraint, all study animals were anesthetized with ketamine hydrochloride (15 mg/kg; IM; Vetanarcol, K€ onig S.A., Avellaneda, Argentina) and xylazine hydrochloride (1 mg/kg; IM; Kensol, K€ onig S.A.) by a veterinarian [17] . Achieved total anaesthetic effect, animals were placed in dorsal recumbency, genital region was then sanitized with a mild soap and distilled water (1:10) and gauze. The prepuce was retracted with the thumb and index fingers for a more efficient cleaning of the penis with saline solution.
Animals were stimulated by electroejaculation (EEJ) (Autojac-Neovet, Uberaba, Brazil) with a rectal probe produced according Bennett [2] . The probe was smeared with a sterile lubricant jelly (KY™ Jelly, Johnson & Johnson Co., Arlington, TX, USA), introduced in the rectum (~2.5 cm deep) and electrical stimuli were delivered. The stimulation session consisted of three series (7e8 min), composed of 35 electrical stimuli (12.5e100 mA) within an interval of 30 s between series [17] .
Ejaculates (liquid and coagulated fractions) were collected into microtubes (1.5 mL). If a wild male did not ejaculate after the sessions, no further attempts were made to collect semen. In the case of captive animals, another EEJ was executed after at least 30 days. In captivity, semen sampling was performed in a collection room. In the wild it was performed near the capture points to avoid the removal of the caught animals from their place of origin. Rectal temperature was measured prior to the EEJ procedure. A veterinarian monitored the animals during EEJ as well as after recovering from anaesthesia.
Extenders
Two extenders were prepared: A and B-fractions. A-fraction was utilized for the first dilution, for seminal liquefaction, and consisted of 5.84 g ACP-118™ diluted in 50 mL ultrapure water. B-fraction was utilized for the second dilution and was constituted by 0.598 mL Afraction plus 0.4 mL egg yolk and 0.002 mL gentamicin. Osmolarities of A and B-fractions were 300 and 353 mOsm/L, respectively.
Seminal evaluation
Microtubes containing semen were placed in a water bath at 37 C immediately after ejaculation. Volumes of liquid and coagulated fractions were evaluated in a graduated tube, with the aid of a pipette. Appearance and consistency were assessed subjectively, i.e. colour (colourless, yellowish or whitish), opacity (opaque or transparent) and appearance (amorphous or filamentary seminal coagulum).
Vigour was subjectively evaluated on a scale of 0e5 as previously described [17] . In brief, no sperm motility was considered 0, slight movement with >75% of sperm showing vibration only was represented by 1, moderate forward movement in about >50% of sperm was represented by 2, forward movement in about 70% of sperm was represented by 3, and when~90% or >95% of sperm presented very active forward movement, scales 4 and 5 were used, respectively. Sperm motility was expressed as the percentage of cells actively moving in a forward direction. Sperm vibrating in place were not considered to be motile [4] . To measure percentage of progressive forward sperm motility, 10 mL of semen was placed in a pre-warmed (37 C) glass slide with cover slip and 200 sperm were counted. Normal sperm morphology and plasma membrane integrity were evaluated by a smear prepared adding 5 mL of eosinnigrosin stain (Vetec, Rio de Janeiro, Brazil) to 5 mL of semen on a pre-warmed (37 C) glass slide. Morphologic defects detected in sperm were classified as primary or secondary [18] . Plasma membrane functionality was assessed by hypo-osmotic swelling test (HOST) after dilution of 5 mL of semen in 45 mL of hypo-osmotic solution (0.73 g sodium citrate, 1.35 g fructose and 100 mL ultrapure water; pH 7.2 and 108 mOsm/L). After 45 min incubation in water bath (37 C), number of sperm tail coiled was assessed by placing 10 mL of this solution in a pre-warmed (37 C) glass slide with cover slip, and at least 100 spermatozoa were counted. Spermatozoa with functional plasma membrane were those presenting coiled tail.
Sperm concentration was determined in a Neubauer chamber after dilution of 1 mL semen in 99 mL formalin solution 10%. Seminal pH was measured with a pH strip (Merk Pharmaceuticals, Darmstadt, Germany). All evaluations were performed under a light microscope (Nikon, Tokyo, Japan), at a magnification X 100. Semen was assessed directly after collection (fresh), after dilution and before cooling (pre-cooled), after cooling and after freezing in the treatments 1 and 2.
Seminal liquefaction and sperm cooling
After evaluation, fresh semen was diluted in A-fraction (1:1), placed in water bath at 37 C until a sufficient volume of liquid fraction for cooling (above 50 mL) was obtained; this procedure took approximately 1.5 h. This limiting time of dissolution was chosen to preserve sperm motility. Only samples presenting at least sperm motility 50%, vigour 3, 60% of plasma membrane integrity and 80% of normal sperm morphology were selected for cooling (S. collinsi,
Samples were equally divided in two aliquots. Two portions of B-fraction were prepared, each one containing the same volume of the seminal aliquots, for use in two treatments. In treatment 1 (T1) the seminal sample was diluted in B-fraction at one-part sample to 0.75-part extender (1:0.75). The remainder 0.25 part of B-fraction was reserved for a later dilution. In treatment 2 (T2) the seminal sample was not diluted in B-fraction. Samples were cooled in covered microtubes, following a curve of 37 to 4 C within 1.5 h. After cooling, sperm was evaluated as described above and submitted to cryopreservation.
Sperm freezing and thawing
For freezing, cooled semen with a range in sperm concentration of 15e40 Â 10 6 sperm/mL was used. For T1, the remainder part of Bfraction (0.25) was added with glycerol to a final concentration of 3%. Dilution was performed within 30 s. For T2, the sample was diluted in B-fraction (1:1) containing glycerol. Likewise, this dilution was performed three times at 30 s interval and final glycerol concentration was 3%.
Thereafter, samples from both treatments were separately drawn into 0.12 mL plastic straws (IMV, L'Aigle, France), sealed with a metal bead and stored horizontally in vapour of liquid nitrogen (À60 C) for 20 min, then plunged into liquid nitrogen (À196 C). After two months' storage, straws were kept in a water bath (37 C) for 30 s and the thawed semen was microscopically evaluated.
Description of all acronyms used in the present study are detailed in Table 1 .
Statistical analysis
All data are expressed as mean ± standard deviation (SD) and analysed by the Statview 5.0 program (SAS Institute Inc. Cary, NC, USA), except vigour, which was expressed as moda. The effect of storage temperature on sperm motility, plasma membrane integrity, normal sperm morphology and plasma membrane functionality was evaluated by Students' test. Vigour data were evaluated using Kruskal-Wallis test. Effect of extenders was evaluated by ANOVA, and differences were located with a Fisher's protected least significant difference (LSD) post hoc test. p < 0.05 was considered as statistically significant.
Results
Seminal analysis
Selected males for this study (S. collinsi n ¼ 12, S. vanzolinii n ¼ 6, S. cassiquiarensis n ¼ 5 and S. macrodon n ¼ 1) were healthy, as confirmed by their clinical and haematological analyses. Means (± SD) of body weights per species were 913.75 ± 116.29 g (725e1125 g; minemax, S. collinsi), 852.5 ± 115.57 (715e1055, S. vanzolinii), 598.75 ± 33.01 (555e635, S. cassiquiarensis) and 720 (S. macrodon). All animals presented testes with normal consistency, symmetry and mobility.
A total of 39 semen collection attempts in 24 males resulted in 21 ejaculates (seven males did not ejaculate). From the 21 ejaculates, 4 contained scarce sperm and 3 were azoospermic, and were excluded from this study (see Table 2 ). From the remaining 14 ejaculates, 8 were within the criteria for cooling and freezing and were used in the present study (see details in Table 2 ). Ejaculation was almost always initiated by a liquid fraction often partially or totally coagulated after 10 s. Mean (± SD) collected volume of liquid and coagulated seminal fractions were 40.71 ± 66.83 mL (0e250 mL) and 170.24 ± 165.59 mL (0e500 mL), respectively. Liquid and coagulated fractions were transparent or opaque and colourless, whitish or yellowish. It was observed a wide variation in appearance and constitution of ejaculates between collections regardless the male or species. Sperm concentration was measured in ejaculates from S. collinsi only (121 ± 51 Â 10 6 sperm/mL), because it was not possible to measure it at field conditions.
Sperm cooling and freezing
S. collinsi
Results of seminal parameters assessed after each step of cryopreservation (initial evaluation of fresh semen, dilution/incubation, cooling and freezing) are depicted in Fig. 2 . Sperm motility was not affected by dilution and liquefaction, being similar to the fresh semen (p ¼ 0.08). No difference was observed between treatments (T1 and T2), for both cooling (p ¼ 0.06) and freezing (p ¼ 0.2) procedures. Sperm motility was not impaired by freezing in T2, but significantly decreased when submitted to T1 ( Fig. 2A) .
Regarding sperm vigour, no difference was observed between treatments or cryopreservation steps (p ¼ 0.06) ( Fig. 2B ). Plasma membrane integrity was unaffected by dilution (p ¼ 0.22), as well as before and after cooling in T1 (p ¼ 0.44) and T2 (p ¼ 0.46). However, a significant decline on plasma membrane integrity was observed after freezing at T1 (p ¼ 0.002) and T2 (p ¼ 0.03), with no difference between treatments (p ¼ 0.33) (Fig. 2C) . Normal sperm morphology percentage remained constant before and after cooling in both T1 (p ¼ 0.79) and T2 (p ¼ 0.83), as well as before and after freezing at T1 (p ¼ 0.79) and T2 (p ¼ 0.89) (Fig. 2D) .
The percentage of sperm with functional plasma membrane was unchanged before and after dilution (p ¼ 0.15), before and after cooling in both T1 (p ¼ 0.89) and T2 (p ¼ 0.77), with no difference between treatments (p ¼ 0.46). Significant difference was observed only after freezing at T1 (p ¼ 0.02), although it remained similar to control at T2 (p ¼ 0.34). There was no significant difference between treatments after freezing (p ¼ 0.5) ( Fig. 2E ).
S. vanzolinii, S. cassiquiarensis and S. macrodon
Due to the small number of samples of free living species, statistical comparisons among species were not performed. Only two ejaculates of S. vanzolinii, one of S. cassiquiarensis and one of S. macrodon (Table 3 ) had sperm quality to be cooled and frozen.
Sperm morphology in fresh, diluted, cooled and frozen semen in T1 and T2, per male of each species is detailed in Table 4 .
Discussion
In this work our main goal was to establish and to test a sperm cryopreservation protocol for S. collinsi in captivity and the possibility to translate this method to other free living (S. cassiquiarensis and S. macrodon) and vulnerable (S. vanzolinii) Saimiri species.
Percentage of successful semen collection of S. collinsi in this Table 1 Details on acronyms used in the present study.
Acronym Description
A-fraction Extender composed by ACP-118™ and ultrapure water. Used in the first dilution for seminal liquefaction in both treatments.
B-fraction
Extender composed by A-fraction plus egg yolk. Used for sperm cooling (in T1) and freezing (in T1 and T2) after being added by glycerol. work (about 14.81%) has been previously reported by our team for this species at same captivity conditions and EEJ protocol [17] . Semen collection was more successful for free-living species. This difference may be due to fact that field collections were performed during dry season (OctobereNovember), which probably is the reproductive season of those free-living species (Mamirau a Institute records e non published data). Differently from free-living species, captive squirrel monkeys do not present a specific period for reproductive activities and births, being spread throughout the whole year. It was observed an elevated number of oligospermic ejaculates in S. collinsi, probably due to the collection method [24, 25] . Seminal volume, sperm motility, plasma membrane integrity, percentage of normal sperm morphology in fresh semen had been similar to previously described for semen of S. sciureus [1e3,6,7,11], S. boliviensis [25] and S. collinsi [17] collected by EEJ, and of [25] collected by penile vibrostimulation. Such evaluations providing information about seminal characteristics and sperm quality for each species are crucial for the development of effective strategies for assisted reproduction. Hence, it must be performed both for captive as for free-living populations [23] .
S. boliviensis
None of the evaluated sperm parameters of S. collinsi were impaired by dilution in ACP-118™ as well as by period on water bath, which were statistically similar to those exhibited in fresh semen. ACP-118™ is rich in membrane stabilizers [22] , vitamin C, and whose capacity of support sperm quality has recently been confirmed in Sapajus apella (capuchin monkey) [12] , as well as in S. collinsi, S. vanzolinii, S. cassiquiarensis and S. macrodon [19] .
Sperm of many mammal species can be successfully frozen, however the recovery of motile sperm at the end of cryopreservation process is lower than 50% in most mammals [15] . Information on the cryoprotective mechanisms of certain extenders'compounds is lacking [15] , and there are species-specific low freezability semen characteristics. Therefore, cooling semen becomes an important alternative f or facilitating semen transport and handling at field conditions [12] , which can be followed by IVF or artificial insemination [16] .
In all descriptions of sperm cryopreservation of squirrel monkey, cooling step had been performed with egg yolk [3, 17, 25] . On sperm cryopreservation of Macaca fascicularis (cynomolgus monkey) using TEST (a standard extender) egg yolk-free and 3% glycerol, postthaw sperm motility and plasma membrane integrity were 34.23 ± 3.43 and 41.37 ± 3.42, respectively [15] , superior to our findings. Dong et al. [5] , in a detailed study about egg yolk effects on sperm cryopreservation of Macaca mulatta (rhesus monkey), reported that time delay (1e5 h) after ejaculation before adding egg yolk to semen and dilution method had no significant effect on post-thaw sperm motility. However, they also demonstrated that egg yolk, even at low concentrations, played an important role in sperm freezing, since samples frozen with egg yolk presented significantly higher sperm motility after thawing than those samples without egg yolk. In our study we tested egg yolk addition before or after cooling, however in both treatments it was added for freezing without difference between treatments.
Prior to freezing glycerol was diluted in a part of extender before being added to semen, differently from a previous work by our team, when it was added directly in the semen [17] . This procedure probably affected quality of frozen-thawed semen due to cytotoxic action of glycerol, such as alteration of sperm membrane structure, disturbance of bioenergetic balance and decreasing of sperm motility and fertility [21] . In the present study it was observed a superior maintenance of the evaluated spermatic parameters, compared with Oliveira et al. [17] . However, sperm motility and plasma membrane integrity in frozen-thawed semen of S. collinsi were inferior when compared with results previously reported of other Saimiri species such as S. sciureus (sperm motility: 54 ± 17% [3] ) and S. boliviensis (sperm motility: 41% [26]), and S. apella (sperm motility: 34 ± 10% plasma membrane integrity in ACP-118™ [12] ).
Despite the poor sperm quality observed after freezing-thawing process, the rate of maintenance of this quality was high between cooling and thawing, especially in free-living species. Moreover, it was also observed that results of sperm cryopreservation greatly vary because of variation among semen donor individuals. Previous studies had already shown that there are significant differences in the response to sperm cryopreservation among individual males [8, 13, 14] . However, individual ejaculates from the same male do not differ in their tolerance to freezing [8] .
Conclusion
Semen of S. collinsi can be cooled in an extender based in ACP-118™ egg yolk-free. Developed freezing protocol has been shown to Table 3 Sperm motility, vigour, plasma membrane integrity (PMI) and plasma membrane functionality in fresh, diluted, cooled and frozen semen in T1 and T2, per male of S. vanzolinii (n ¼ 2), S. cassiquiarensis (n ¼ 1) and S. macrodon (n ¼ 1). be useful for sperm cryopreservation of S. collinsi, although requires improvement to allow a better recovery of sperm quality after thawing. The procedure appears to be properly translated to the free-living species with satisfactory sperm quality after freezingthawing in both treatments. This is of especial importance in field conditions for wild animals, as Saimiri vanzolinii, which is vulnerable to extinction.
